With the rapid development of electronic industry, heat dissipation issue becomes more and more important. Thermal functional composites (TFCs) are usually binary composites, filled with thermal conductive additives (nanomaterials) in matrix, and the composites show good thermal performance. The theoretical and experimental results show that the filler shape is one of the most important but easily overlooked factors. In this article, we provide a systematic review of the effect of the filler shape on the thermal conductivity of TFCs, and the heat transfer enhancement based on synergistic effect is also summed up. Finally, the future trends of further improving thermal properties of TFCs are predicted.
Introduction
Thermal management issues are very important in the electronic industry and other related fields [1] [2] [3] [4] [5] . Thermal functional composites (TFCs) are usually binary composites, filled with thermal conductive additive in matrix, forming an efficient thermal conductive pathway. TFCs are an effective way to solve the heat dissipation for electronic components. TFCs mainly include thermal interface materials, nanofluids, phase-change materials, and thermal conductive plastics. Thermal interface materials (TIMs) are filled between the heat sources and heat sinks, replacing the air in solid contact gap. As a result, the overall heat transfer resistance for heat dissipation process is significantly decreased [6] [7] [8] . Nanofluids are solid-liquid suspensions, which consist of the thermal conductive nanoparticles and the base liquid [9] [10] [11] . Phasechange materials (PCMs) are applied in the Li-ion battery packs, which can prevent temperature from rising beyond the normal operating range and improve performance [12] [13] [14] . Thermal conductive plastics are the composites filled with high thermal conductivity additive in plastics matrix [15, 16] . For the above TFCs, the parameter of thermal conductivity is the most important factor, and how to improve their thermal conductivity is still one of the biggest challenges.
Currently, to enhance heat transfer performance of TFCs has become a research hotspot, and a large amount of papers have emerged [17] [18] [19] [20] [21] [22] [23] [24] . The influence factors for thermal conductivity of TFCs are mainly from the following several aspects: filler shape, functional treatment technique, volume fraction, type of base fluid, directional alignment technique, interfacial thermal resistance [25] [26] [27] , and so forth. Among them, the filler shape is one of the most important but easily overlooked factors. The shape contains particles, nanowires, nanotubes, nanorods, nanosheets, nanoribbons, and the formation of complementary structure between different morphologies. In this article, we provide a systematic review of the effect of filler shape on the thermal conductivity of TFCs.
Effect of Filler Shape on the Thermal Conductivity of TFCs
For the effect of filler shape on the thermal conductivity of TFCs including 0D particles, 1D nanowires, 2D nanosheets, and other shapes, these theoretical and experimental results showed that the filler with unique shape was easy to form thermal conductivity network, resulting in higher thermal conductivity. 
0D Particles.
Particles with the good dispersion properties in matrix attract great attention as the first kind of additive in binary composites for thermal conductivity enhancement. For the intrinsic thermal conductivity of particles, the theoretical calculations show that it is lower than that of corresponding bulk materials due to the scattering of the main carriers of energy (phonon) at the particle boundary [28] [29] [30] [31] . The intrinsic thermal conductivity of particles decreases with decreasing size, especially when the size is smaller than the phonon mean free path. Subsequently, the same rule has been confirmed by a large number of experimental results [32, 33] .
At present, for the effect of particle size on the thermal conductivity of TFCs, inconsistent experimental results are arising. Xie et al. [31] studied the effect of alumina particles sizes (five different sizes of alumina particles (∼12-302 nm)) on the thermal conductivity of nanofluids (ethylene glycol and pump oil). The results showed that the thermal conductivity of nanofluids decreased with increasing particles size (the thermal conductivity enhancement ratio of EG/aA-25 (particle size: 60.4 nm) compared to EG/aA-5 (particle size: 302 nm)) ( Figure 1 ). Figure 2 showed the thermal conductivity of epoxy-silver nanoparticles composites with 80 nm was lower than that with 20 nm at the same filling fraction [34] . It suggested that the nanostructured networks played more important role than the size effect in the studied composites. However, other experimental results [35] [36] [37] [38] [39] indicated that the thermal conductivity of nanofluids increased with increasing particles size ( Figure 3 ) for many different particles.
For the inconsistent experimental phenomena, we propose the following explanation. The bigger particles show high intrinsic thermal conductivity and low solid/fluid interfacial thermal resistance, while the smaller particles show high dispersion in base fluid and strong coupling effect between particles and fluids and are easier to form heat conducting network. Therefore, the thermal conductivity of particles-based binary composites may show different trends for the particles size effect, which reflects the influence of the leading factors. Finally, the particles size effect on the thermal conductivity of nanofluids depends on the most important influence factors.
Furthermore, shape is another key influence factor for particles on the thermal conductivity of TFCs [40] [41] [42] [43] [44] . Different CuO morphologies, namely, microspheres, nanoblocks, and microdisks, were filled in silicone with 9 vol.% loading [42] . Compared to pure silicone, the thermal conductivity enhancement of silicone-based thermal greases with different CuO shapes was 99%, 139%, and 116%, respectively ( Figure 4 ). The CuO microdisks with large aspect ratio could form thermal networks more effectively than the other two structures and showed higher thermal conductivity enhancement. ZnO particles with different shapes (tetrapodshaped, nanoparticles, and short column) were filled into silicone oil to form a nanofluid [43] . The experimental results demonstrated that the thermal greases with tetrapod-shaped ZnO showed the highest thermal conductivity compared to nanofluids with other shape fillers at the same volume fraction ( Figure 5 ). The unique tetrapod-shaped ZnO was favorable to form thermal conductive networks and therefore greatly enhanced the heat conduction of composites. Based on the law of the specific equivalent thermal conductivity and the law of minimal thermal resistance, Chauhan et al. [44] systematically investigated the effect of geometry of particles consisting of three different shapes, that is, spherical, hexagonal, and elliptical, on the effective thermal conductivity for polymer composites. At last, the equivalent thermal conductivity of composites was obtained for spherical, hexagonal, and elliptical fillers, respectively. Besides, the effect of shape for aluminum oxide on the thermal conductivity of phenol aldehyde/aluminum oxide composites (Table 1) was computed in Figure 6 .
For spherical shape particles, the expression is
For hexagonal shape particles, the expression is
For elliptical shape particles, the expression is
Here, eff , , and are the effective thermal conductivity, the conductivity coefficients of the polymer matrix, and the filler particles, respectively.
is the volume fraction of filler in the resin matrix.
1D Nanowires (Nanorods and Nanotubes).
Equilibrium and nonequilibrium molecular dynamics simulations predicted that carbon nanotubes (CNTs) showed very high intrinsic thermal conductivity value [45] . Meanwhile, experimental measurements also confirmed that the intrinsic thermal conductivity of single-walled carbon nanotube achieved 2400 W/m⋅K. Besides it depended strongly on the numbers of wall and aspect ratios [46] [47] [48] . As a result, CNTs attracted considerable interest as filler in matrix for thermal conductivity enhancement. Certainly, the thermal property of composites should be affected by the structure and length of CNTs. Five different structures, namely, single-walled CNTs, double-walled CNTs, few-walled CNTs, and two different multiwalls, were applied in water-based nanofluids. The experimental results confirmed that the thermal conductivity of nanofluids decreased with the increasing layer number of nanotube walls [49] , which could be attributed to the liquid-solid interface. CNTs with different aspect ratios were obtained by sonication-induced scission treatment, that is, averaging 50 (short CNTs) and 500 (long CNTs). These tubes were used as filler (up to 1.0 wt%) in carbon nanotube/epoxy nanocomposite. The thermal conductivity of nanocomposites showed a modest increase with the increase of aspect ratio [50] .
Compared with particles, nanowires show large surface area, high aspect ratio, and long phonon mean free paths, which help in the thermal conductivity enhancement of TFCs [51] [52] [53] [54] . Furthermore, nanowires are easy to form end to end thermal conductive network in the matrix due to their high aspect ratios [55] . Pal on the thermal conductivity of suspensions containing water and ethylene glycol base fluids. It was found that the suspensions with CuO nanorods and nanowires always displayed higher thermal conductivity than those with CuO nanospheres [56] . The thermal conductivity of ethylene glycol suspensions containing three different shapes of SiC-sphere (25 nm), SiC-cylinder (600 nm), and SiC-nanowire (6 m) was synthetically investigated in [30, 31] . The measured experimental data was shown in Figure 7 , and it demonstrated that the suspensions containing SiCnanowire have the highest thermal conductivity.
Shape factor is one of the most important factors affecting the thermal conductivity of nanowires-based nanocomposites. Fang et al. have studied the size effects of Ag nanowires on the thermal conductivity of ethylene glycol-based nanofluids. This result exhibited a linear relationship between the relative enhancement in thermal conductivity and the specific surface area of Ag nanowires except a percolation-like nonmonotonous behavior appearing at 1 mg/mL [57] . The thermal conductivity of three water-based suspensions consisting of high aspect ratio fillers, copper nanowires, silver nanowires, and carbon nanotubes, was measured. Compared to nanofluids with copper nanowires and carbon nanotubes, silver nanowires-based nanofluids showed the highest thermal conductivity, and this revealed that filler with higher thermal conductivity was not the only decisive factor for improving the thermal transport properties of nanofluids [53] . In addition, the experimental results demonstrated that the thermal conductivity of composites from Ag nanowires with unique branching structure as additive in polydimethylsiloxane yielded up to 60% higher than that consisting of unbranched Ag nanowires filler at low fractions ( Figure 8 ) [58] .
2D Nanosheets (Nanoplatelets)
. Nanosheets consist of single-layer or fewer-layers atoms, possessing high specific surface area, and are easy to form strong coupling interaction with matrix. The typical 2D materials contain graphene, graphene oxide, and boron nitride nanosheets. Experimental results were consistent with theoretical prediction value, and it was confirmed that graphene showed extremely high intrinsic thermal conductivity. Meanwhile, boron nitride nanosheets also showed relatively high intrinsic thermal conductivity. It was exciting that 2D boron nitride was electrical insulation, and it was also called "white graphene." Theoretical thermal conductivity of graphene was up to 8000-10000 W/m⋅K at room temperature by molecular dynamics simulation. In addition, it will be severely affected by the size [59, 60] . The intrinsic thermal conductivity value of suspended single-layer graphene was measured at room temperature by Raman spectroscopy and it is in the range ∼(4.84 ± 0.44) × 10 3 to (5.30 ± 0.48) × 10 3 W/m⋅K [61] [62] [63] [64] . Therefore, nanosheets as the thermal conductive additive in TFCs for thermal conductivity enhancement were one of the hot research fields.
There are many reports about nanosheets as filler for improving the thermal conductivity of TFCs [65] [66] [67] [68] [69] [70] [71] [72] [73] . To the best of our knowledge, Yu et al. first reported the thermal conductivity of ethylene glycol-based nanofluids with graphene oxide sheets filler [65] . The thermal conductivity enhancement increased with the increasing volume fraction of graphene oxide nanosheets. The enhancement ratio was up to 61.0% with the graphene oxide loading of 5.0 vol.% ( Figure 9 ). Moreover, the enhancement ratio was constant with the change of temperature. The mixture of graphene and multilayer graphene was utilized to improve the thermal properties of polymer [74] . An enhancement of thermal conductivity by 2300% with the filler of 10 vol.% loading fraction was found. It is higher than anything reported to date. For commercial thermal grease, the thermal conductivity was increased from an initial value of 5.8 W/m⋅K to 14 W/m⋅K with the filler of 2% loading ( Figure 10 ). Many other reports indicate that the thermal conductivity of nanosheets-based nanocomposites will be severely affected by the filler geometric dimension [75, 76] . Chen et al. [77] developed an analytical model for simultaneously calculating the effects of geometric dimension on the thermal conductivity of polymer composites containing hexagonal boron nitride (h-BN). Setting the h-BN aspect ratio to a constant value of 10, both the in-plane thermal conductivity and through-plane thermal conductivity of the composites increased as the h-BN diameter increased when it was lower than 5 m. However, the further improvement of composite thermal conductivity became insignificant when it was higher than 5 m. Keeping the filler diameter at a fixed value, both the in-plane thermal conductivity and through-plane thermal conductivity of the composites increased continuously as the filler aspect ratio increased. Yu et al. [78] used different thickness of graphite nanoplatelets as filler for epoxy composites. It was found that the epoxy composites with a thickness of 2 nm filler (loading of 5 vol.%) achieved a thermal conductivity of 6.44 W/m⋅K, and the thermal conductivity enhancement was increased by more than 3000%. 
Heat Transfer Enhancement Based on Synergistic Effect
Synergistic effect means that different fillers with complementary shapes and high thermal conductivity are easy to form efficient thermal conductive networks, which lead to enhancing thermal property of composites. For synergistic effect, the key issue is how to fabricate fillers with complementary shapes and construct three-dimensional network.
The Synergistic Effect of 1D Nanomaterials and 0D
Nanomaterials. Hybrid size particles filler can improve the thermal conductivity of the TFCs [79] [80] [81] [82] . As can be seen from Figure 11 , the small particles can easily occupy the space between the adjacent large particles, which leads to larger packing density of the filler in the matrix and lower thermal resistance among adjacent conductive filler [83] . Due to the high thermal conductivity and large aspect ratio, CNT attracted great attention as hybrid filler with particles for thermal conductivity enhancement of TFCs. Such as CNT was added as a synergizer in alumina sphere/thermoplastic polyurethane mixture [84] , it was found that the thermal conductivity of mixture was enhanced 2-to 3-fold when the mass ratio (Al-CNT hybrid : mixture) was 1 : 20. The enhancement value was higher than that by individual CNT; this was because the hybridized Al-CNT could improve the compatibility between the filler and the matrix and could reduce the modulus mismatch at the interface. Jiao et al. investigated the synergistic effects of multiwalled carbon nanotubes and aluminum nitride particles on the thermal conductivity of epoxy composites [85] . Results showed that the 1D MWCNTs with superb thermal conductivity and large aspect ratio easily bridged the isolated AlN particles to Large particle (！Ｆ 2 ／ 3 )
Small particle (！Ｆ 2 ／ 3 ) Figure 11 : Schematic for the distribution of hybrid size alumina particles [83] .
form thermal conductive network, which provided effective and fast pathway for phonon transport in the composites. Chen et al. studied the synergistic effects of Ag/MWNT composites on the thermal conductivity of the water-based nanofluids [86] . The measurement results showed that the thermal conductivity of the water-based nanofluids containing Ag/MWNT composites was higher than that of those containing pristine or functionalized MWNTs (Figure 12 ). Cu/MWCNTs-based nanofluids have been synthesized in this work [87] . Results showed that the thermal conductivity of Cu/MWCNTs-based nanofluids composites was higher than that of MWCNTs based nanofluids composites ( Figure 13 ).
The Synergistic Effect of 2D Nanomaterials and 0D
Nanomaterials. Graphene is a typical 2D nanomaterial, with extremely high intrinsic thermal conductivity and large specific surface area. As a result, it becomes an excellent additive in TFCs for thermal conductivity enhancement, but there is a practical problem that graphene is very easy to stack in fabrication process, decreasing the thermal conductivity. Therefore, how to make the filler disperse in the matrix is still a challenge. Qian et al. have successfully fabricated alumina-coated graphene sheet hybrids by an electrostatic self-assembly method. The alumina-coated graphene was incorporated into polyvinylidene fluoride matrix and obtained corresponding composites [88] . The alumina-coated graphene sheet hybrid with unique structure combined the advantages of both graphene and Al 2 O 3 . Experimental result showed that the thermal conductivity of the composites with 40 wt% filler was up to 0.586 W/m⋅K ( Figure 14) . Yu et al. used alumina and graphene sheets as hybrid filler in poly(ethylene-co-vinyl acetate) and built a strong three-dimensional network of heat conducting path in matrix [89] . This unique structure effectively prevented the interlayer restacking of graphene sheets and reduced the thermal contact resistance between fillers and interface. The measurement results showed high thermal conductivity up to 2.40 ± 0.07 W/m⋅K, much higher than that with single filler at the same loading ( Figure 15 ). Additionally, a three-dimensional schematic model for strong synergistic effect was supplied in this work (Figure 16 ). Chen et al. have successfully fabricated epoxy resin-based TIMs with Ag nanoparticle-decorated graphene nanosheets fillers [90] . The result demonstrated that the thermal conductivity of TIMs significantly improved (Figure 17 ) due to the extremely high intrinsic thermal conductivity of graphene and the unique thermal conductive networks formed by Ag nanoparticles acting as "spacers" intercalated the distance between the graphene sheets. Goyal and Balandin used small graphene loading fraction to improve the thermal properties of Ag/ epoxy composites [8] . The results showed that the thermal conductivity of composites was increased by ∼500% in the temperature range from 300 K to 400 K with graphene loading fraction of 5 vol.% (Figure 18 ). This improvement can be attributed to the high intrinsic thermal conductivity of graphene, strong coupling between graphene and matrix, and the wide range of the length-scale of fillers.
Boron nitride nanosheets (BNNSs) are another example of typical 2D nanomaterials. Certainly, BNNS is also an excellent additive in TFCs for thermal conductivity 8 Journal of Nanomaterials enhancement and it faces the same dispersion uniformity problem in matrix. For enhancing the thermal conductivity of polymer, silver nanoparticle-deposited boron nitride nanosheets were filled in polymer [91] , owing to the bridging three-dimensional thermal conductive network between silver nanoparticles and boron nitride nanosheets. The thermal conductivity of the composite filled with the silver nanoparticle-deposited boron nitride nanosheets was up to 3.06 W/m⋅K, while that filled with single-boron nitride nanosheets was 1.63 W/m⋅K at the boron nitride nanosheets loading of 25.1 vol.%. Fitting the measured thermal conductivity of epoxy composite by physical model exhibits that the composite filled with silver nanoparticle-deposited boron nitride nanosheets outperforms the one filled with singleboron nitride nanosheets, which can be attributed to the lower thermal contact resistance at the interfaces between boron nitride nanosheets and matrix.
The Synergistic Effect of 2D
Nanomaterials and 1D Nanomaterials. Due to the special structure of a complementary relationship between 2D nanomaterials and 1D nanomaterials, 1D nanomaterials can bridge 2D nanosheets and form an efficient three-dimensional thermal conductive network in matrix, which supplies a fast transport channel for phonon [92] [93] [94] [95] . A synergistic enhancement effect in the thermal conductivity of epoxy composites was achieved by combining SWNT and graphitic nanoplatelet fillers ( Figure 19 ) [96] . It explained that this synergism originated from the bridged network between planar nanoplatelets and flexible SWNTs which lead to a reduced thermal interface resistance along the hybrid filler network because of the extended contact area of the SWNT-GNP (Figure 20) . Thermal conductivity enhancement of deionized water-based nanofluids filled with graphene and graphene-MWNT at room temperature for 0.04% volume fraction was 9.2% and 10.5%, respectively [92] . Thermal conductivity of the water-based nanofluids was improved with hybrid graphene-MWNT as additives, which could be owing to prevention of restacking of graphene sheets by MWNT as well as synergistic effect between graphene and MWNT. Graphene oxide-MWCNT/epoxy composites were prepared by epoxy wetting [97] . Results showed that the thermal conductivity of composites was increased due to the formation of efficient three-dimensional heat conduction paths by the addition of MWCNTs.
A novel strategy was designed to enhance thermal conductivity of epoxy composites by filling hybrid 2D boron nitride nanosheets (BNNSs) and 1D boron nitride nanotubes (BNNTs) [98] . The thermal conductivity of epoxy composites with 1-pyrenebutyric acid functionalized BNNTs/BNNSs hybrid fillers was up to 0.47 W/m⋅K at 2 wt% filler loading, higher than that with individual 1-pyrenebutyric acid functionalized BNNTs or BNNSs fillers ( Figure 21 ). This is because 1-pyrenebutyric acid functionalized BNNTs/BNNSs nanocomposites have good dispersion and high compatibility with Figure 18 : The effect of temperature on the thermal conductivity of the hybrid graphene-silver-epoxy composite with different volume fraction of filler loading, 1%, 3%, and 5%, respectively [8] .
epoxy matrix (Figure 22) . Yan et al. demonstrated an effective method for improving the thermal properties of the epoxy composites by incorporation of hybrid BNNTs-BNNSs nanofillers [99] . The nanofillers BNNTs-BNNSs showed homogeneous dispersion in matrix and a strong interface interaction, resulting in a large enhancement for thermal conductivity, with a 95% enhancement in thermal conductivity by addition of only 1 vol.% loading. Furthermore, the theoretical analysis indicated that an exceptional thermal 
where is the thermal conductivity; is filler volume fraction; is interfacial thermal resistance; is the width of the BNNT and BNNS; is the length of the BNNT and BNNS; subscripts , , and and superscript eff represent BNNT, BNNS, and epoxy and effective thermal conductivity, respectively.
Conclusion and Outlook
The filler shape is one of the most important but easily overlooked factors for the thermal conductivity enhancement of TFCs. In this article, from theoretical and experimental results, we provide a systematic review of the effect of filler shape on the thermal conductivity of TFCs. It mainly includes 0D particles, 1D nanotubes, 2D nanosheets, and the formation of complementary structure between different kinds of shapes. The fillers with unique shape are easy to form thermal conductivity network, resulting in higher thermal conductivity. Undoubtedly, high thermal conductivity for TFCs is still one of the biggest challenges, thus suggesting possible way of further improving thermal properties for TFCs as follows:
(1) How to prepare the designed low-dimensional materials with large aspect ratio? It will depend on the development of nanomaterial preparation technics and the parameters of preparation process. The fillers with large aspect ratio easily form efficient end to end three-dimensional thermal conductive network in matrix.
(2) How to disperse the low-dimensional materials into the matrix? To reduce the interface thermal resistance is one of the important issues. Surface modification could be a good way, but it always reduces the intrinsic thermal conductivity of the low-dimensional materials. More effective methods to obtain the homogeneous composite need to be developed.
(3) How to get the TFCs with high thermal conductivity but electrical insulation? Now the fillers with high thermal conductivity consist of carbon nanotubes, graphene, and metal. But they possess high electron mobility. BN, AlN, SiC, and so on with high thermal conductivity but electrical insulation represent a new development direction.
(4) How to build a new heat conduction network? It is formed by chemical bonding but physical contact. The chemical bonding heat conduction network reduces the thermal resistance at the interface between additives. 
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